Vibration-assisted machining (VAM) is an external energy assisted machining method to improve the material removal process by superimposing high frequency and small amplitude vibration onto tool or workpiece motion. VAM has been applied to several machining processes, including turning, drilling, grinding, and more recently milling, for the processing of hard-to-machine materials. This paper gives a critical review of vibration-assisted milling (VAMilling) research. The basic kinematic equations of 1D and 2D VAMilling are formulated and three typical tool-workpiece separation types are proposed. State-of-the-art on the principle and structural design of VAM systems are reviewed. The benefits and applications of VAMilling are discussed with emphasis on machining of hard-to-machine materials. Finally, the paper concludes with future possibilities for VAMilling.
Introduction
High-accuracy precision components are increasingly in demand for various industries, such as biomedical engineering, MEMS, electro-optics, aerospace, and communications [1] [2] [3] [4] . In addition to the aims of achieving tight tolerances and highquality surface finishes, many applications also require the use of hard and brittle materials such as optical glass and technical ceramics, owing to their superior physical, mechanical, optical, and electronic properties [5] [6] [7] [8] [9] . Such applications range from biomedical devices such as neurosurgical brain implants made of semi-conductor materials (silicon, gallium nitride, silicon carbide) and bio-sensors made of piezoelectric materials (PZT, aluminum nitride, lithium niobate), to automotive and battery industries where quartz glass and silicon are widely employed [10, 11] . Therefore, the increasing demand for high-accuracy precision micro components in aforementioned industries has emphasized the importance of machining methods for hard and brittle materials to achieve tight tolerance and high-quality surface finish. However, due to their high hardness and usually rather low fracture toughness, the processing and fabrication of hard and brittle materials, has always been a challenge to the industries. Much more importantly, those devices usually possess complex feathers, further increasing the difficulty of high-precision machining.
Previously, non-conventional machining methods, such as EDM, ECM, laser machining, ion-beam machining, electrobeam machining, etc., were adopted to realize the processing of hard and brittle materials [12] [13] [14] [15] [16] . However, those methods have significant drawbacks on the machining of hard and brittle materials, including the long preparation time, low processing efficiency, high setup cost, and high environmental requirements. As for conventional milling or micro milling, owing to its high precision, superior flexibility, and simple setup [17] [18] [19] [20] [21] , it is capable of generating a wide variety of complex components and structures from micro to macro scale. Since the scale of the edge radius of milling tool is approximately comparable to the uncut chip thickness, micro milling process exhibits different material removal mechanisms, compared with the conventional milling. That is the well-known size effects. Up to date, two issues which limit the further development of micro milling [22, 23] should be urgently solved. Firstly, the deformation and vibration between micro cutter and workpiece would interfere the machining accuracy.
To solve above problems, continuous efforts to enhance machining performance have been performed, and lots of breakthroughs have been achieved. One important breakthrough should be the finding of the vibration-assisted machining (VAM). The research results have clearly indicated that the surface quality of machined surface can be improved by applying high frequency vibration to the tool or workpiece. Vibration-assisted machining is an external energy assisted machining method in which high frequency and small amplitude vibration is superimposed on the tool or workpiece motion to improve the material removal process. With appropriate machining and vibration conditions, the tool periodically loses contact with the workpiece. This changes the cutting mechanics and can improve machining performance. VAM has been applied to several machining processes, including turning, milling, drilling, and grinding, for the processing of hard materials. Reported benefits include the following: reduction in machining forces [24] [25] [26] [27] ; improved surface finish and form accuracy [25, [28] [29] [30] ; suppression of burr formation [23, 28] ; reduction of tool wear and extension of tool life [30] [31] [32] . In the turning process, vibration assistance is relatively easy to implement on the cutting tool as it is stationary. Both 1D and 2D vibration-assisted systems for the turning process (linear vibration in the cutting direction and elliptical vibration motion in the plane of cutting and depth of cut directions, respectively) have been applied with success. However, due to the continually changing cutting velocity and uncut chip thickness in the milling process, the trajectory of the tool tip in VAMilling is more complex than that in vibration-assisted turning. Therefore, this paper is mainly focused on the working principle and state-of the-art of VAMilling.
The remainder of the paper is organized as follows: Sections 2 and 3 establish the kinematic models for both 1D and 2D VAMilling and generalize three types of typical toolworkpiece separation. Section 4 reviews the vibration application and actuation methods of vibration-assisted machining. Section 5 introduces the application and benefits of VAMilling.
Kinematics of vibration-assisted milling
According to the direction of the vibration applied, VAMilling can be divided into two main groups, i.e., 1D VAMilling where the vibration applies either in the feed direction, feeddirectional vibration-assisted milling (FVAMill), or in the cross-feed direction, cross-feed-directional vibration-assisted milling (CFVAMill), and the 2D VAM milling (2DVAMill) where the vibration applies simultaneously in both the feed and the cross-feed directions [33] . Figure 1 shows a schematic diagram of vibration-assisted milling. The coordinate system used in this paper is defined as follows: the workpiece feed is in x-axis; the cross-feed direction is in y-axis; and axial depth of cut is in z-axis.
The mathematical equation of the tool tip motion without vibration imposed is as follows:
where f is feed velocity, r and ω are the radius and angular velocity of the cutter, z i is the i th cutter tooth, and Z is number of flutes.
Assume that vibration is applied to the workpiece and the vibration trajectory is as follows:
where A and B are the vibration amplitudes, f x and f y are the vibration frequencies, and ϕ x and ϕ y are the phase angles in the x-and y-directions, respectively. The relative displacement (x i , y i ) of tool tip to workpiece in VAM milling can be obtained from Eqs. (1) and (2):
Appropriate pattern of tool-workpiece separation (TWS) is the key to the success of VAM [34] . By definition, the separation we discuss in VAM is the rapid periodic interruption of constant tool-work piece contact. There are three different mechanisms that lead to the separation phenomenon, and each will be described below.
3 Tool-workpiece separation in vibration-assisted milling 3.1 Type I TWS Figure 2 illustrates type I TWS in vibration-assisted milling. Type I separation occurs in the current tool path when the cutting direction component (i.e., tangential component) of the relative velocity between tool and workpiece is opposite to the tool rotation direction, resulting in the tool tip lagging behind the workpiece so that TWS occurs.
In position 1 of Fig. 2 , the cutting direction component of the relative velocity between tool and workpiece is greater than zero, and the tool is in contact with the workpiece. When the tool advances to position 2, the cutting direction component of the relative velocity is equal to zero and it is about to break contact with the workpiece. In position 3, the cutting direction component of the relative velocity is negative, i.e., in the opposite direction to the tool rotation, and the tool separates from the workpiece. It can be seen that during the period when the tool and workpiece lose contact, the cutting direction component of relative velocity changes from zero to negative and back to positive. In position 4, the tool regains contact with the workpiece. Figure 3 illustrates type II TWS in vibration-assisted milling. Type II separation occurs in the current tool path, where vibration displacement in the instantaneous cutting thickness direction (i.e., tool radial direction) is larger than the instantaneous uncut chip thickness. This results in the tool cutting out of the workpiece so that tool-workpiece separation takes place.
Type II TWS
In position 1 of Fig. 3 , the vibration displacement in the tool radial direction is smaller than the instantaneous uncut chip thickness, so the tool is in contact with the workpiece. When the tool advances to position 2 where the vibration displacement in the tool radial direction is same as the instantaneous uncut chip thickness, and it is about to break contact with the workpiece. In position 3, the vibration displacement exceeds the instantaneous uncut chip thickness, and the tool completely separates from the workpiece. When the vibration displacement is equal to the instantaneous uncut chip thickness in position 4, the tool regains contact with the workpiece.
Type III TWS
Contrary to vibration-assisted turning in which the influence of workpiece geometry can be ignored, the complex tool tip trajectories in vibration-assisted milling can result in a rather rugged surface, which in turn affects the cutting process. Figure 4 illustrates this effect and type III TWS in vibration-assisted milling. It can be seen that the current tool path with vibration assistance overlaps in some regions with the surface contour left by previous cutting path(s), so in these overlapping regions the cutting tool edge may break contact with the workpiece and discontinuous chips are generated. As part of the material in the current cutting path has been removed by previous cuts, periodical separation of tool-workpiece separation can take place.
It should be noted that in most cases during VAMilling, type I, II, and III separations could happen simultaneously. Tool-workpiece separation conditions are detailed in [35] . 
Actuation methods in VAM
Archiving high frequency vibration is the key in realizing VAM. A brief review will be given regarding the various actuation methods that have been applied since the 1960s when the concept was first introduced. Some of the systems discussed in this section were developed for vibration-assisted turning, but in principle, these methods can be adopted for vibration-assisted milling.
Electromagnetic shaker
Sakaguchi et al. [36] developed the first prototype electromagnetic shaker to introduce vibration assistance in machining. The method was implemented in a grinding spindle, see The main drawbacks of such method include the following: the bulky size of the actuation apparatus which limits the vibration to be 1D longitudinal; the internal and external cooling required by the huge amount of heat generated during the process; and the fact that the vibration neutral point is prone to drift. Therefore, this type of actuation method is rarely used at present.
Magneto-strictive actuator
When it comes to meeting the requirement of ultrasonic vibrations (20 kHz or more), the most common methods are to utilize either piezoelectric actuators or magneto-strictive actuators, both of which can achieve ultra-high frequencies by utilizing the piezoelectric property or magneto-strictive property of the material to convert the input signal into mechanical output. Xiang et al. [37] developed a system as shown in Fig. 6 which combined the milling process with 35 kHz and 15 μm longitudinal vibration generated by a magneto-strictive actuator, and when milling SiCp/Al composites reduction in both cutting forces and crack growth were reported. However, the working principle of magneto-strictive actuation is that the input voltage signal must be first transduced into the intensity of magnetic field, and then through magneto-strictive effect to become mechanical output. The additional link in the chain of power transmission results in additional loss of energy, therefore the performance is less desirable in regard of block force, maximum displacement, and no-load velocity when compared to PMN-or PZT-based piezoelectric actuators [38] .
Piezoelectric actuator
Piezoelectric actuators on the other hand, thanks to its superior features such as high energy efficiency, high precision, fast response, low friction and wear, as well as the compact size, have received an ever-increasing interest in most ultrasonic frequency applications, as well as at lower frequencies. There are two basic working modes of a piezo-actuation system, namely resonant mode and non-resonant mode. Fig. 5 Section view of the design of a VAGrinding tool which utilizes an electromagnetic shaker as the source of vibration [36] Fig. 6 Schematic design of a vertical VAMilling, in which the coded vibration is generated by a magneto-strictive actuator [37] 
Resonant mode
Resonant mode is where the piezo stack stretches and pulls back at a frequency close to the structure's resonance, so that a significantly large displacement can be obtained at high efficiency. In this mode, the losses of energy in electromechanical conversion and self-heating are quite low, and the vibration frequency can reach as high as several tens of kilohertz with the amplitudes ranging from several to several hundred microns. Numerous research groups have successfully developed resonant-mode vibration-assisted machining devices using piezoelectric actuators. Shamoto et al. [39, 40] developed a vibration-assisted device which utilized four PZT actuators on the turning tool, with 180°phase difference between each pair, causing 20 kHz (3rd resonant frequency) elliptical vibration at the turning tool, see Fig. 7 .
Ko et al. [41] , Razfar et al. and Zarchi et al. [42, 43] investigated the effect of cutting parameters on the machined surface. The cutting forces and the tool wear were measured on a similarl -designed system where 20-38.8 kHz 1D longitudinal vibration is introduced to a horn and a "sandwich" transducer attached to the workpiece holder. The configuration of the modified tool holder is shown in Fig. 8 . Attempts to apply 18 kHz vibration to the milling tool by modifying the spindle was made by Ostasevicius et al. [44] , where the vibration milling tool was mounted on a standard Weldon holder. The configuration of the experimental setup is illustrated in Fig. 9 .
In addition, Shen et al. [45] , Zahedi et al. [46] , Xing et al. [47] , and Zhang et al. [48] also conducted similar experiments, i.e., attaching piezoelectric actuators to a specially designed horn, the structure of which shares the natural frequency by the piezoelectric actuator, to achieve ultrasonic vibration that aids the machining process.
Wang [49] designed a longitudinal-torsional compound vibration device. Ultrasonic longitudinal-torsional compound vibration is composed of vibration in the axial direction and in the tangential direction. Figure 10 showed a schematic of the device that converts longitudinal vibrations into longitudinal-torsional compound vibrations. The device on the left is the longitudinal vibration transducer, in the horn output connected with a chute of the transmission rod. Longitudinal vibration transmitted to the chute produces a torsional vibration component, to realize longitudinal and torsional vibration.
The principle of piezoelectric actuator driven resonant mode vibration devices limits their application to fixed high frequency use only. Due to this actuation method being based on the principle of resonance design, its performance relies greatly on the structural parameters. In addition, power dissipation and heating of piezoelectric ceramics working at high frequency and large amplitude are also major factors restricting their performance.
Non-resonant mode
The non-resonant mode is usually used for 2D VAMilling in the feed and cross-feed directions. This is usually [42] implemented by using a flexible mechanism driven by piezoelectric actuators. A non-resonant vibration system is not limited to a fixed operating frequency and offers a more precise motion control. It is however difficult to produce a high operating frequency because of various technical limitations. The piezo stacks oscillate under forced vibration rather than resonance, and the frequencies of the sinusoidal excitation voltage signals can range from near DC (50 Hz) up to several thousand hertz, typically just below the first resonant frequency of the system. The displacement is usually subject to the input voltage and could reach the level of tens of microns due to the larger piezoelectric coefficient and higher strain of the "soft" PZT material. Although in theory it could operate at up to its first resonant frequency, the achievable vibration frequency is often much lower, since force and stroke requirement cannot be obtained at maximum frequencies. In practice, precision positioning setups with closed loop feedback control are usually operated well below the natural frequencies of a piezomechanical system to avoid feedback problems due to electromechanical phase shifting. In addition, when undergoing forced vibration, the piezo stack would suffer severe selfheating and cooling becomes a crucial problem. All piezo ceramics possess ferroelectric property which only exists below its Currie temperature, and so cooling of piezo stacks operating at high power is crucial for their functioning.
Several two-dimensional vibration stages have been reported in the literature. Zhang et al. [50] developed a platform where piezoelectric actuators were used to generate different direction vibration to the table (Fig. 11a) . The planar integrated structure has the characteristics of compact structure, zero clearance, and no mechanical friction. While, the piezoelectric actuators in X direction improved the moving mass of the vibration stage. Thus, the vibration frequency in Y direction is restricted, usually less than 1000 Hz.
An improved two-dimensional vibration stage was developed by Jin et al. [51] as shown in Fig. 11b . The piezoelectric actuators have been set beside of the hinge part, which transforms vibration to the workpiece access the face A and B of the flexible hinges. However, the structure only has one layer of flexible hinge around the platform. The piezoelectric actuator can generate the vibration to the vertical direction flexible hinges normally, but in the horizontal direction, the flexible hinge will be affected by the coupling stiffness, and the displacement of the platform will be uneven. Therefore, it is Fig. 9 a Structural diagram of a VAMilling tool; and b schematics of the operation principle: 1, standard holder Weldon DIN 6539; 2, cylinder; 3, textolite cylinder; 4, collector rings; 5, nut; 6, bolt; 7, collet; 8, piezoceramic rings; 9, horn; 10, cutter [44] Fig . 10 Longitudinal and torsional vibration device [49] difficult to control the displacement of the platform precisely. Li et al. [52] developed a two-dimensional vibration stage by using a single flexible four-bar mechanism as shown in Fig. 11c , but when the single flexible parallel four-bar mechanism vibrates at one direction, there will be a cross-coupling displacement in the another direction, which reduce the motion accuracy. Different to the typical two-dimensional vibration stages with flexible mechanism driven by piezoelectric actuators, a vibration worktable was designed by Chern et al. [53] . It is realized by employing piezoelectric actuators in conjunction with two slideways for generating the desired two-dimensional vibration as shown in Fig. 11d .
A novel structure of a two-dimensional vibration stage has been proposed by Chen et al. [54] , as shown in Fig. 12 . To reduce the displacement couple effect in the two moving directions, two-layer flexible hinges are adopted in the design. For each actuator direction, one pair of inner hinges and the opposite pair of outer hinges are flexible, and the other pairs are stiff, and vice versa for the other actuator. The outer and inner parts are combined with each other so that the vibration is transformed successfully, the 2D stage IS capable of independent vibration in the two directions, and 2 kHz vibration frequency with 10 μm vibration amplitude was achieved.
To improve high response frequency of 2D vibration stages, an active workpiece holder for the realization of vibration-assisted milling was developed as shown in Fig. 13 . This stage enables highly dynamic horizontal vibration of a workpiece in two directions. It consists of a parallel [54] kinematic two DOF stage with flexure hinges, on which a workpiece holder is mounted. The flexure hinges are set into motion by two high voltage piezo actuators, and the system enables 2 DOF vibration-assisted milling up to 10 kHz with a maximum amplitude of 7.5 μm [55] . This actuation method has a simple structure and is easy to realize multi-dimensional vibration. However, the size of the piezoelectric actuators is long; hence, it requires large installation space. In addition, the amplitude and the frequency are limited mutually in this actuation method, making it difficult to obtain larger amplitudes at high frequency.
Mechanical actuation methods
According to Section 2.1, the relative two-dimensional vibration between the cutting tool and the workpiece is actually an elliptical motion. Therefore, instead of applying vibration on both directions at the same time, an alternative is to aim directly at the elliptic trajectory instead of trying to achieve vibrations on two directions. Moriwak et al. [56] implemented this idea, by applying the double-spindle mechanism and using two separate sets of AC servo motors together with eccentric sleeves to generate an elliptical locus of the tool shank, as shown in Fig. 14 .
The developed machine generates circular vibratory motion of the cutting tool mechanically by rotating an eccentric sleeve with a built-in motor as shown in Fig. 14 . This mechanical vibrator consists of a unique double structure spindle system with a built-in motor for tool vibration and a servo motor for rotation of the tool spindle. The tool spindle is inserted within the eccentric sleeve and connected to the servo motor via a flexible coupling. By rotating the sleeve with the built-in motor, the tool spindle within the sleeve is vibrated mechanically to form a circular locus. The circular vibration can be added while the inside tool spindle is rotated. Both spindles can then be mechanically clamped individually. Consequently, the following four cutting modes can be realized by installing the mechanical vibrator into the spindle of Fig. 13 Prototype of the active workpiece holder [55] Fig. 14 Schematic design and experimental setup of a VAMilling system using the mechanical approach, a doublespindle design as the source of vibration [56] an ordinary milling machine. The equivalent vibration frequency is 167 Hz at an amplitude of 4.4 μm. This approach can generate repetitive oscillation without piezoelectric actuators, and the vibration parameters can be altered subject to the rotational speed of the motor and the eccentricity of the sleeve. However, this method is limited to vertical machining centers only and it is limited to very low frequency.
Summary of actuation methods
A summary of the different actuation methods of the vibration stage is given in Table 1 . It can be seen that the vibration devices driven by electromagnetic shaker, hydraulic servo valve, and AC servo motors cannot generate high frequency vibration. Magneto-strictive actuators and piezoelectric actuators can achieve ultrasonic vibration, which is used in onedimensional vibration at resonant mode. The piezoelectric actuators are also used at non-resonant mode two-dimensional vibration stage with frequencies up to 10 kHz.
Application and benefits of VAMilling
Vibration-assisted milling has been applied to cutting various metals, including aluminum alloys [43, [57] [58] [59] and more difficult to machine metallic materials such as nickel-based super alloys [60] , stainless steel [47, [61] [62] [63] , hardened tool steel [64] [65] [66] , and other alloys [67, 68] . It has also been applied to glass [69] and composite materials [70] [71] [72] [73] . Reported benefits include improving machining surface quality, tool life extension, and surface texture generation. This section summarizes these applications and the benefits obtained.
Surface improvement

Helical milling
Composite materials, titanium alloys, and ceramic aerospace materials have been widely used in aerospace structures because of their superior performance. In the structure assembly process, a large number of holes need to be machined and traditional machining processes do not easily meet the quality requirements. Recently, spiral milling technology was successfully applied to hole cutting of difficult to machine materials. In order to further improve the accuracy and efficiency of processing hard materials, ultrasonic vibration cutting technology has been applied in spiral milling hole by using longitudinal or longitudinal-torsional compound vibration milling methods [49] .
In the helical milling process, the cutting tool moves in a spiral and mills holes that are larger than the tool diameter, as shown in Fig. 15 [74] . Ishida et al. [75] [74] demonstrated helical milling of carbon fiber reinforced plastics using ultrasonic vibration with cryogenic tool cooling. High-precision holes were obtained at the inlet of the machined holes and the delamination size at the outlet was reduced as shown in Fig. 16 . Zemann et al.
[11] studied vibration-assisted milling on machining of carbon fiber reinforced polymers. It was shown that by optimizing the vibration characteristics of form, frequency, and amplitude, the fraying behavior could be improved. Bachrathy et al. [76] studied a one degree of freedom mechanical model of the milling process for helical mills, and found that for appropriate axial immersion parameters, if the cutting was stable the surface quality parameters will also be optimal, even in those spindle speed domains where the system was near to resonance which improved the cutting efficiency.
End milling
One of the characteristics of VAM is improvement of surface finish. But it should also be noted that the surface roughness of the workpiece machined with ultrasonic vibration-assisted machining is larger than that machined with conventional milling at certain spindle speeds, and the surface roughness increases with the increase of the ultrasonic vibration amplitude. Ko and Shaw [77] shown that inducing ultrasonic vibration during high-speed milling of small metal products can lead to smoother, higher quality surfaces. Kim and Choi [78] found the crest from the surface of 2D VAMilling (feed and cross-feed directions) has been eliminated by the alternating cycles phenomenon. From this, it is concluded that good surface is achieved by cutting the crests and peaks on the surface with the vibratory tool. Figure 17a shows the surface Fig. 16 Digital microscope image of delamination at the inlet and outlet of the conventional and ultrasonic assisted helical milling [75] Fig . 17 Effect of VAM in surface tool produced a without VAM, b with VAM [66] generation by conventional milling, with peaks and valleys left by the cutter. In VAMilling, vibration makes the tool cutting point traverse the cut area from the preceding cycle and remove the material peaks and valleys left by it as shown in Fig. 17b . The higher the frequency of vibration, the more chance there is of the tool cutter reducing these peaks and valleys to obtain a good surface result [66] . Ko et al. [41] investigated the effect of ultrasonic vibration assistance in the axial direction of the tool. The machining experiments demonstrated that this method can improve the machined surface with reduction of chatter marks. Shen et al. [45] also showed that ultrasonic vibration in the feed direction has a positive effect on the surface roughness when the vibrating frequency is far higher than the gyro-frequency of the spindle. Ko and his co-workers [79] found that the height of the remnant material, called "cusp," can be reduced by applying ultrasonic vibration during high-speed milling with narrow tool paths and removal depths of less than 1 mm, improving the quality of the milled surface considerably. For plastic metal machining with VAMilling, vibration assistance in the feed and cross-feed directions was carried out separately to understand the mechanism of directional effects for producing better machined surface quality. The machined surface quality measurement revealed that the effect was greater when feeddirectional vibration was applied to the material than when the vibration was applied across or perpendicular to the feed, since the latter resulted in the formation of wavy burrs. The level of surface roughness is dependent on a combination of factors including feedrate and tool profile, in addition to vibration and tool speed, so in order to obtain better machined surface the vibration machining parameters should be optimized [59, [80] [81] [82] . Ding et al. [83] found that feed per tooth has a significant effect on the height of the top burr, and the use of vibration-assisted cutting in micro end milling could minimize the size effect and improve the cutting performance, thereby reducing the height of the top burr by 80%. Tsai et al. [84] investigated the machining of hard mold steel by ultrasonic assisted end milling, and found that a positive rake angle and a large helix angle gave improved surface finish. Maurotto and Wickramarachchi [85] investigated the effects of frequency in ultrasonically assisted end milling on grain sizes of AISI 316L. They found that grain sizes appeared comparable with conventional milling and there was no sign of grain rotations, grain refinements, or strongly deformed areas indicative of significant machining abuse, as shown in Fig. 18 . The hardness of the hardened subsurface layer (average 3.98 GPa) from vibration-assisted machining is 16% lower than that of conventional machining [86] . The control of burr formation in micro milling was investigated by Chen et al. [23] . They found that due to the vibration assistance in the feed direction, up milling and down milling take place periodically on both of the cutting-in and cutting-out sides. This results in a reduction of burr formation.
Tool life extension
Machining processes are inherently involved with tool wear, which is an influential factor in cutting forces, surface roughness, and machining costs. Vibration-assisted machining improves the milling cutter life when machining hard materials. The hardening effect, which influences material removal in terms of increasing the shear angle (reducing the shear plane Fig. 18 Cross-cut metallography slides for: a conventionally and b 20 kHz ultrasonically machined coupons Fig. 19 Carp surface and SEM photo of the VAMilling surface [95] length) and consequently reducing tool contact length, is recognized as one of the main reasons to reduce the cutting force [87] . During the elliptical motion of tool tip in VAM, the average force is reduced and this reduced tool cutting force has also been shown to reduce chatter [88] on the surface produced.
Numerous researchers studied the tool wear in VAM [89] [90] [91] [92] . At lower spindle speeds, due to lower cutting temperature, the dominant wear mechanism is abrasive wear. Because of mechanical and impact contacts between workpiece and flank surface in VAM, tool life is less than that in the conventional process. At higher cutting speed, temperature activated wear mechanisms including diffusion, chemical wear, and thermal wear occur. On the other hand, because of intermittent separation of workpiece and tool, the temperature in the cutting zone in VAM is lower than that in conventional process, which tends to increase tool life. Another reason for reduced temperature in VAM can be attributed to the change in friction coefficient from semi-static to dynamic [25, 92] , which results in reduced friction coefficient in the VAM process and changes the chip formation mechanism. As cutting speed increases, there is an increase in the degree of toolworkpiece engagement per tool revolution. As a result, the effect of vibration on the milling process decreases and cutting forces in vibration-assisted milling and conventional milling processes become closer to each other. Gong et al. [93] found that the increase in vibration amplitude increases the rate of reduction of cutting forces in the ultrasonic assisted milling process compared with conventional milling process. However, Lucas et al. [94] studied ultrasonic cutting of three very different materials, and found that the coefficients of friction were significantly reduced by ultrasonic excitation but unaffected by ultrasonic amplitude. 
Surface texture generation
Engineered textured surfaces have the characteristics of regular texture structure and high aspect ratio, enabling the component surface to have certain specific functions, such as reducing adhesion friction, improving lubricity, increasing wear resistance, changing the hydrophilic performance, and enhancing optical properties. It was proved that VAMilling in either single direction or two directions can form certain surface textures [30, 31] depending on its defined cutting edge geometry and kinematics. There is an emerging trend to obtain biomimetic surface texture and certain surface performance through VAM. Tao et al. [95] produced the squamous surface by VAMilling as shown in Fig. 19 . Uhlmann et al. [55] found that surface topography in the process of micro milling can be achieved by means of targeted high frequency vibration of a Fig. 21 Wettability of the different topography: a no vibration; b 2 kHz; c 2.2 kHz; d 3.4 kHz [33] workpiece, and the different surface topographies were obtained with different vibration frequencies as shown in Fig. 20 .
Xing [96] investigated the tribology properties of the surfaces generated by ultrasonic VAMilling. The results showed that in the breaking-in stage, compared with traditional milling surface, vibration machined surfaces reduced friction coefficient curve fluctuations and had better friction stability even with no obvious transition. In normal wearing stage, for a specific vibration amplitude, the surface roughness, load carrying capacity of oil film, and wear rate all had a significant improvement with the increase of the feed per tooth. Chen et al. [33] proposed a surface texture formation method by non-resonant vibration-assisted milling and studied the effects of the vibration and machining parameters on the surface texture generation, as shown in Fig. 21 . They found that controllable wettability of the machined surface can be realized by combining different machining and vibration parameters. It is desirable to control the wettability of the machined surface, e.g., in microfluidic channels, since different regions need different wettability to control the flow rate and mixing efficiencies of different fluids. Conventional processing methods cannot achieve controllable wettability, while vibrationassisted milling provides a viable solution for such application.
Conclusion
As a non-traditional external energy assisted machining method, vibration-assisted machining has been applied successful in turning, grinding, drilling, and more recently milling operations. Recently, vibration-assisted milling has been attracting more attention from both academia and industry. This paper reviewed the latest developments and applications in vibration-assisted milling. Since cutting velocity and uncut chip thickness change continuously in the milling process, the trajectory of tool tip in vibration-assisted milling becomes more complex than other vibration-assisted machining operations. Some observations and future work are proposed as follows to unleash the potential of vibration-assisted milling.
1. Fundamental studies on the material removal mechanisms of vibration-assisted milling difficult-to-machine materials are limited. The machining physics and mechanics are unclear. Finite element simulation will be an effective way to investigate these issues. 2. To date, two-dimensional vibration-assisted milling studies have been limited to frequencies below 3 kHz, which is unsuitable for the micro milling process where high spindle rotational speeds are required to achieve even modest machining efficiency and the tooth passing frequency is typically above 1 kHz. Preliminary simulation shows that to achieve proper periodical tool/chip separation in one tooth/workpiece engagement cycle, vibration frequency should be an order of magnitude higher than the tooth passing frequency. Therefore, a higher vibration frequency above 20 kHz is required for micro milling. Development of a two-dimensional vibration stage with high vibration frequency is a challenge. 3. Compared with vibration-assisted turning processes, the vibration-assisted milling process is more complex. Tool tip trajectory, instantaneous uncut chip thickness, dynamic cutting forces, VAM duty cycle, micro tool wear, etc. are difficult to determine, so that accurate kinematic and dynamic models are needed to guide vibration-assisted milling. 4. Special milling tools for vibration-assisted machining should be designed to further enhance the machining performance and extend tool life. 5. Hybrid machining technology needs to be combined with vibration-assisted machining to reduce the process forces, allow very fine structures, increase process reliability, and extend tool life. 
